INTRODUCTION
Increased negative intrathoracic pressure (nITP) is a hallmark of respiratory disease (O'Donnell, Laveneziana, Webb, & Neder, 2014) , and may have important haemodynamic consequences as a result of adverse cardiopulmonary interaction (Cheyne, Williams, Harper, & Eves, 2016; Scharf, 1991) . However, the magnitude of nITP that induces haemodynamic compromise and the mechanisms responsible for the attenuated left ventricular stroke volume (LVSV) remain unclear.
It is well established that the nITP generated during spontaneous inspiration at rest transiently decreases right atrial pressure, increasing the gradient for venous return and ultimately increasing both right and left ventricular stroke volume through series ventricular interaction (Guyton, Lindsey, Abernathy, & Richardson, 1957) . Indeed, it is generally regarded that the respiratory pump is essential to c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society maintaining haemodynamic homeostasis (Light, Mintz, Linden, & Brown, 1984; Permutt & Wise, 1986; Scharf, 1991; Sietsema, 2001) and augmenting LVSV, especially during exercise (Harms et al., 1998; Miller, Smith, Hemauer, & Dempsey, 2007) . Conversely, large increases in nITP, either through a sustained Mueller manoeuvre (Scharf, 1995; Scharf, Brown, Saunders, & Green, 1979a) or inspiratory loading (Cheyne et al., 2016; Natori, Tamaki, & Kira, 1979; Takata, Wise, & Robotham, 1990b) , generally reduce LVSV. This reduction may be a result of series and/or direct ventricular interaction (DVI; a relative increase in right ventricular (RV) end-diastolic pressure and/or volume, mediating a leftward septal shift that increases left ventricular (LV) filling pressure and constrains left-ventricular end-diastolic volume (LVEDV) (Belenkie, Smith, & Tyberg, 2001) . Indeed, attenuated venous return due to collapse of the inferior vena cava (IVC) (Natori et al., 1979) , increased ventricular afterload (Scharf, Brown, Tow, & Parisi, 1979b) , and DVI (Boussuges et al., 2000; Cheyne et al., 2016;  Experimental Physiology. 2018;103:581-589.
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New Findings
• What is the central question of this study?
The haemodynamic response to incremental increases in negative intrathoracic pressure (nITP) during spontaneous breathing and the mechanisms of cardiac impairment at these levels of nITP remain unclear.
• What is the main finding and its importance?
nITP of −20 cmH 2 O or greater reduces stroke volume in healthy, spontaneously breathing supine humans due to direct ventricular interaction and increased left ventricular afterload. Ghignone, Girling, & Prewitt, 1984) have all previously been reported as potential mechanisms of LVSV reduction due to increased nITP.
While the haemodynamic effects of the Mueller manoeuvre are relatively well established, studies investigating the effects of nITP during spontaneous breathing are less numerous and have reported contrasting results. Previous studies utilizing inspiratory pressures near −10 cmH 2 O have reported maintained or even increased LVSV (Lalande, Luoma, Miller, & Johnson, 2011) and femoral artery blood flow (Miller, Pegelow, Jacques, & Dempsey, 2005a) . Conversely, when inspiratory loads approach or exceed −20 cmH 2 O, our previous work (Cheyne et al., 2016) and others' (Karam, Wise, Natarajan, Permutt, & Wagner, 1984) have shown marked reductions in LVSV. Thus, there are inconsistencies in the literature with respect to the cardiac response to nITP, which likely exhibits a dose-response phenomenon to reducing LVSV as nITP increases. Furthermore, there remains considerable debate as to the mechanisms responsible for LVSV reduction with large increases in nITP.
Large increases in nITP (i.e. the Mueller manoeuvre) are generally seen to increase LV afterload through both an increase in arterial impedance (Milnor, 1975) and an increase in ventricular transmural pressure, or wall stress (Pasipoularides & Latham, 1986) . Interestingly, previous authors have not reported increased RV afterload (measured as increased systolic pressure development) during a sustained Mueller manoeuvre, and thus nITP may differentially affect RV and LV haemodynamics (Condos, Latham, Hoadley, & Pasipoularides, 1987 
METHODOLOGY

Ethical approval
This study conformed to the standards set by the Declaration of Helsinki, except for registration in a database, and received ethical approval from the University of British Columbia clinical research ethics board.
All subjects had read and provided informed signed consent prior to participation.
Subjects
Twenty-three healthy subjects (12 female, 11 male, 22 ± 2 years) volunteered for the study. Subjects were excluded if they were current smokers, had a history of cardiovascular or respiratory disease (including asthma, any other respiratory condition, diabetes, blood pressure greater than 140/90, or any heart condition), had a BMI > 30 kg m −2 or had a poor echocardiographic window. according to American Thoracic Society criteria (Miller et al., 2005b; Wanger et al., 2005) to ensure any subject with abnormal pulmonary function was excluded from the study. Subjects were then screened for assessment of a quality echocardiographic window in the left-lateral supine position. After determining that good quality echocardiographic images could be obtained, a small balloon tipped oesophageal catheter (Ackrad Laboratories Inc., Cranford, NJ, USA) was inserted through the nose and properly positioned in the lower third of the oesophagus, as previously described (Eves, Petersen, Haykowsky, Wong, & Jones, 2006) . The balloon was connected to a differential pressure transducer (MP45, Validyne, Northridge, CA, USA), which was calibrated before each test using a manometer. Signals from the pressure transducer were converted to a digital signal using a data acquisition system (Powerlab, ADI Instruments, Colorado Springs, CO, USA).
Study design
Data was collected in the left-lateral supine position at baseline and each level of nITP, including echocardiography measurements of LVSV, radius of septal and free wall curvature, LVESMWS, cIVC, ventilatory parameters (TrueOne2400, ParvoMedics, East Sandy, UT, USA), and oesophageal pressure measurements as a surrogate of intrathoracic pressure (Baydur, Cha, & Sassoon, 1987) .
The test protocol consisted of five different levels of inspiratory resistance to generate nITP of −5, −10, −15, −20 and −25 cmH 2 O during spontaneous respiration. Custom in-line resistance devices were fitted to the inspiratory side of a two-way non-rebreather mouthpiece (Hans Rudolf Inc., Shawnee, KS, USA) and were selected such that subjects were able to achieve the target nITP without significantly altering their ventilation. The order of nITP interventions was randomly assigned, and all echocardiographic and ventilatory data were acquired once subjects had maintained the target nITP across several respiratory cycles (∼30 s). Real-time oesophageal pressure data (Powerlab) was displayed on an external monitor with guidelines set at the desired level of nITP to provide subjects with visual feedback so they could maintain consistent inspiratory pressures throughout the data acquisition period (∼3-5 min). Subjects were given a 5 min rest period between each inspiratory load to allow cardiopulmonary parameters (heart rate and blood pressure) to return to baseline.
Echocardiography measurements
Echocardiographic images were acquired by a trained sonographer, and recorded on a commercially available ultrasound system (Vivid-E9, GE Medical, Horton, Norway) using a M5S-D 1.5-4.6 MHz probe for 2D imaging and a 4V-D 1.5-4.0 MHz probe for 4D (tri-plane)
imaging, and saved for offline analysis (EchoPAC version 7, GE Medical). Assessments of LV structure, volumes and function were made in accordance with current guidelines (Lang et al., 2015) . For all image acquisition and analysis, end-diastole and end-systole were automatically determined from the ECG trace and this time point was manually adjusted frame-by-frame, as necessary, to acquire measurements at mitral valve closure and opening, respectively.
Fifteen consecutive cardiac cycles were acquired across several spontaneous respiratory cycles, and data are reported as the mean of the three highest quality cardiac cycles acquired. A respiratory trace (ADI Instruments Inc.) was applied during all acquisitions to identify the phase of the respiratory cycle that corresponded to the cardiac cycles acquired.
We determined a priori to report all echocardiographic data as the mean of three cycles rather than split into inspiratory and expiratory phase, as we were interested in the global effect of the nITP interventions across consecutive cardiac and respiratory cycles.
We also report separated inspiratory and expiratory data; these were determined by time-aligning end-diastole (mitral valve closure) and end-systole (mitral valve opening) with respiratory trace data to determine whether the cardiac cycle was occurring during inspiration or expiration.
LV volumes
Tri-plane imaging was used to simultaneously acquire images in the apical four-, three-and two-chamber views. These images were analysed for LV end-systolic volumes, end-diastolic volumes and ejection fraction using Simpson's tri-plane method, according to American Society of Echocardiography standards (Lang et al., 2015) . The sonographer's technical error of measurement during spontaneous breathing and inspiratory loading was 5.4% for LVEDV, 2.4% for LV end-systolic volume (LVESV), 1.8% for ejection fraction (EF) and 4.1% for LVSV. All analysis was performed by a single trained and blinded observer who had a coefficient of variation for LV volume analysis (Simpson's triplane method) of 1.6% for LVEDV, 4.1% for LVESV, 2.7% for EF and 2.3% for LVSV.
LV geometry
The radius of septal curvature (RSC) and LV radius of free-wall curvature (RFWC) were analysed from the LV parasternal short-axis image at the level of the mitral valve. RSC and RFWC were calculated at end-diastole and end-systole for each level of nITP using a modified technique developed by Brinker et al. (1980) , which we have previously described in detail (Cheyne et al., 2016) .
IVC measurements
IVC diameter and collapsibility (cIVC), defined as the percentage decrease in diameter of the IVC during inspiration (Kircher, Himelman, & Schiller, 1990 ), were measured at each level of nITP from the longaxis two-dimensional subxiphoid view, within 2 cm of the right atrial origin of the IVC.
LV end-systolic meridional wall stress
Measures of end-diastolic and end-systolic cavity area (the largest and smallest endocardial areas, respectively), end-systolic total cavity area (the total area enclosed by the epicardium) and end-systolic myocardial area (equal to the end-systolic total area minus the end-systolic cavity area) were made at each level of nITP from the parasternal short-axis image at the mid-papillary level (Greim, Roewer, & Schulte am Esch, 1995) . LV end-systolic pressure was estimated from the validated equation 0.9 × (systolic blood pressure) measured by manual sphygmomanometry (Kelly et al., 1992) . LV end-systolic transmural pressure (LVESTMP) was estimated as LV end-systolic pressure minus intrathoracic pressure (Grossman, Braunwald, Mann, McLaurin, & Green, 1977) . LVESMWS was estimated using the equation 1.33 × LVESTMP × (end-systolic cavity area divided by end-systolic myocardial area) (Greim et al., 1995) .
Statistical analysis
One-way repeated measures ANOVA was performed on parametric data, and Friedman's test on non-parametric data, to evaluate the effect of each nITP stage compared to both baseline and the previous level of nITP. When significance was detected, Tukey's honest significant difference test was utilized for parametric data and the post hoc analysis on Friedman's test results for non-parametric data. The analysis methods and alpha level (0.05) were determined a priori.
RESULTS
Pulmonary response to incremental increases in nITP
Subject characteristics are reported in Table 1 . Minute ventilation (V E ) remained unchanged throughout all interventions (P = 0.27), as the increase in tidal volume (V T ) that occurred with nITP ≥−10 cmH 2 O was offset by a reduced respiratory rate. Additional pulmonary parameters are reported in Table 2 .
Cardiovascular response to incremental increases in nITP
No significant changes to LV volumes were seen during incremental nITP up to −15 cmH 2 O ( 9.4 ± 6.9 ml (P < 0.001), respectively, as a result of significant reductions in LVEDV (P = 0.004 at −20 cmH 2 O and P < 0.001 at −25 cmH 2 O), while LVESV remained unchanged (P = 0.74, Figure 1 ).
Accordingly, LV ejection fraction (LVEF) was significantly reduced by −3.5 ± 2.7% (P = 0.009) and −4.4 ± 4% (P < 0.001) at −20
and −25 cmH 2 O, respectively (Table 2) . LVSV was influenced by respiratory phase and was significantly lower during inspiration at −25 cmH 2 O (P = 0.04, Table 3 ). Mean arterial pressure (MAP) was unchanged across all levels of nITP, as was cardiac output (Q) due to a compensatory increase in heart rate at −20 (P = 0.014) and −25 cmH 2 O (P = 0.013) to offset the reduced LVSV (Table 2) Figure 2 ). The radius of LV free-wall curvature at enddiastole (RFWC-ED) did not change appreciably (P = 0.082), nor did free-wall curvature at end-systole (RFWC-ES), except for an increase at −20 cmH 2 O (P = 0.002 Table 2, Figure 2 ). RSC-ED was impacted by the phase of the respiratory cycle, and was observed to be significantly greater during inspiration than expiration at −15 and −20 cmH 2 O (P = 0.034 and P = 0.007, respectively, Table 3 ). Collapsibility of the inferior vena cava (cIVC) was significantly increased across all interventions, increasing by 19 ± 28% at −5 cmH 2 O (P = 0.008) up to 51 ± 23% at −25 cmH 2 O (P < 0.001) relative to baseline, which corresponded to an absolute cIVC of 86 ± 22% during inspiration 
DISCUSSION
To our knowledge this is the first study to utilize incremental increases in nITP during spontaneous breathing to investigate the haemodynamic effects of nITP across consecutive cardiac cycles. We We observed a reduced LVEDV at ≥−20 cmH 2 O, which was of a similar magnitude to what we have previously reported (Cheyne et al., 2016) . Reduced LVEDV is fundamentally a result of reduced RV output (series ventricular interaction) (Condos et al., 1987; Ruskin, Bache, Rembert, & Greenfield, 1973) , or restricted LV filling (i.e. DVI; reduced LV compliance or increased filling pressure) (Scharf et al., 1979a) . It is unlikely that any one mechanism is solely responsible for reduced LVEDV at a given level of nITP, but rather the relative contributions of specific mechanisms vary depending on the degree of nITP. Previous work has suggested that cIVC occurs during inspiratory loading, as a result of an increase in IVC transmural wall pressure at the thoracic inlet, which is seen to limit IVC flow (Condos et al., 1987; Kimura et al., 2011; Natori et al., 1979) . However, whether cIVC during inspiration translates into a reduced RV preload remains unclear (Virolainen, Ventilä, Turto, & Kupari, 1995a ).
Our data demonstrate that increasing nITP caused progressive increases in cIVC, up to −86 ± 22% reduced inspiratory diameter vena cava during inspiration; HR, heart rate; LVEF, LV ejection fraction; LVESMWS = LV end-systolic meridional wall stress; LVESTMP, LV end-systolic transmural pressure; MAP, mean arterial pressure; P es,Exp , mean esophageal pressure during expiration; P es,Insp , mean oesophageal pressure during inspiration;Q, cardiac output; RR, respiratory rate; RFWC-ED, radius of LV free wall curvature at end-diastole; RFWC-ES, radius of LV free wall curvature at end-systole; RSC-ED, radius of septal curvature at end-diastole; RSC-ES, radius of septal curvature at end-systole;V E , minute ventilation; V T , tidal volume. *Significant change from baseline (P < 0.05). † Significant change from previous level of nITP (P < 0.05). 2.9 ± 0.3 3.3 ± 0.4 3.5 ± 0.5 3.6 ± 0.9* 3.8 ± 0.8* 3.6 ± 0.8
TA B L E 2
Cardiopulmonary parameters during incremental increases in nITP
Parameter
TA B L E 3 Variation in LV stroke volume (LVSV) and septal flattening (RSC) between images analysed during inspiration vs. expiration at each level of nITP
Exp.
2.9 ± 0.4 3.1 ± 0.6 3.3 ± 0.5 3.1 ± 0.3 3.2 ± 0.5 3.1 ± 0.6
Data presented as mean ± SD. n = 19 and 20 for subjects with analysable inspiratory and expiratory data for LVSV and RSC, respectively. Abbreviations: LVSV, left ventricular stroke volume; RSC-ED, radius of septal curvature at end-diastole; Insp., cardiac cycle acquired and analysed during inspiration; Exp., cardiac cycle acquired and analysed during expiration. *Significant difference between inspiratory and expiratory values (P < 0.05).
at −25 cmH 2 O, which was sustained through the inspiratory effort.
We reasoned that if increased nITP caused significant cIVC, as has been shown previously during sustained Mueller manoeuvres (Condos et al., 1987) , over consecutive cardiac cycles this would translate into reduced RV end-diastolic volumes and subsequently reduced LVSV via series interaction. Indeed, while LVSV was significantly lower during inspiration at −25 cmH 2 O, reduced RV volumes due to cIVC do not appear to explain these findings, as the degree of leftward septal displacement (increased RSC-ED) also increased with incremental nITP. This significantly greater degree of septal displacement during inspiration at −15 and −20 cmH 2 O supports that RV volumes increased (or increased relative to LV volumes), rather than decreased as would be expected if cIVC significantly reduced venous return (Charlier, Jaumin, & Pouleur, 1974; Iliceto et al., 1988; Scharf et al., 1979a) . Furthermore, previous work has shown that RV volumes can be maintained or even increased despite significant cIVC (Virolainen et al., 1995a) . Accordingly, cIVC during inspiration may not globally reduce RV preload, and thus series interaction may not be a primary mechanism of LVSV reduction during sustained nITP across several respiratory and cardiac cycles. These findings highlight the potentially more dominant effect of maintained or augmented RV end-diastolic volumes and associated DVI in attenuating LVSV with increasing nITP.
We have previously demonstrated significant septal flattening during −20 cmH 2 O nITP, and postulated that DVI may be the primary mechanism responsible for LVEDV reduction during nITP (Cheyne et al., 2016) . This postulate is supported by previous canine work during spontaneous breathing against an inspiratory load (Scharf et al., 1979a) , as well as early human studies (Robotham et al., 1978) , both of which demonstrated reduced LV filling and compliance consistent with DVI. The current study further supports this mechanism, as nITP ≥−10 cmH 2 O elicited significant changes to (Baker, Dani, Smith, Tyberg, & Belenkie, 1998; Belenkie et al., 2001; Mitchell et al., 2005; Takata, Mitzner, & Robotham, 1990a ). In the current study the interaction of DVI with increased LV afterload at −20 cmH 2 O is likely responsible for the reduced LVSV. While LV wall stress, as a measure of afterload, was not significantly elevated at −20 cmH 2 O, it may have been elevated to a physiologically relevant level to impair LV relaxation and contribute to a reduced LVEDV (Leite et al., 2015; Zile, Baicu, & Gaasch, 2004 ).
It has long been theorized that increased LV afterload is primarily responsible for LVSV reduction in response to increased nITP, as has been repeatedly demonstrated using a Mueller manoeuvre (Buda et al., 1979; Scharf et al., 1979b) . However, there are considerable differences between a Mueller manoeuvre and inspiratory resistive loading to generate nITP. Studies investigating spontaneous breathing rather than Mueller manoeuvres have not shown the increase in afterload to be substantial enough to fully account for the magnitude of LVSV reduction commonly observed (Robotham et al., 1978; Scharf et al., 1979a) . In the present study, nITP would have also increased LV afterload via an increase in aortic (Milnor, 1975; Scharf et al., 1979a) and ventricular (Condos et al., 1987; Pasipoularides & Latham, 1986) transmural pressure. However, LVTMP was not increased in the present study until −20 cmH 2 O, nor was LVESMWS until −25 cmH 2 O, suggesting that increased afterload alone was not a primary cause of the reduced LVSV. Additionally, we did not observe an increase in LVESV during any level of nITP, as one would expect were afterload increased beyond the contractile ability of the heart to compensate and thus be predominantly responsible for LVSV reduction.
An additional consideration for the role of increased LV afterload is the possibility of impaired LV relaxation resultant from an increase in LV afterload, which has previously been reported (Zile & Gaasch, 1990) . In this context, impaired relaxation would lead to reduced LV filling, and it may be this interaction, rather than the systolic effects of increased afterload (assuming adequate contractile reserve), that exacerbates the effects of DVI (Virolainen, Ventilä, Turto, & Kupari, 1995b) . However, in the absence of invasive pressure-volume measurements, we are unable to evaluate this mechanism. Nonetheless, our data suggest that the 'critical negative pressure' at which nITP becomes detrimental to LV function in healthy supine humans appears to be around −20 cmH 2 O and this may be the point at which DVI and increased LV afterload interact to reduce LVSV. We contend that these findings have clinical relevance in the context of chronic obstructive respiratory disease, specifically during exacerbation or exercise where increases in negative intrathoracic pressure >−15 cmH 2 O are common and may have adverse haemodynamic effects in this population.
Methodological considerations
Some limitations exist to the study methodology that should be acknowledged. First, in the absence of echocardiographic data on right-sided volumes, we are unable to definitively quantify the contribution of series interaction, specifically whether cIVC correlates with changes to RV preload, or the aetiology of RV volume increase, which we presume occurred as evidenced through septal flattening. However, owing to the limits of 3DE technology for rightsided assessments and questionable reliability of right-sided volume quantification (Lang et al., 2015) , we felt this measure was not appropriate in the current study.
Secondly, supine positioning may change the haemodynamic response to nITP and limit extrapolation of the data to the upright position. In the supine position subjects have an increased thoracic blood volume compared to being upright (Thadani & Parker, 1978) , which may explain the absence of an observed LVSV augmentation during mild and moderate levels of nITP, in contrast to previous studies (Lalande et al., 2011; Miller et al., 2007) . Supine positioning may also change abdominal pressure zone conditions relative to the upright position, which may influence venous return patterns during nITP (Takata et al., 1990b) . Thus, future studies investigating nITP should evaluate the role of supine versus upright positioning to allow for better extrapolation of findings to clinical populations.
Conclusions
In summary, this study demonstrated that nITP ≤−15 cmH 2 O during spontaneous breathing has minimal haemodynamic effects in supine healthy humans despite an increase in DVI. At nITP of −20 and −25 cmH 2 O, LVSV was reduced due to reduced LVEDV coinciding with observed leftward septal displacement, and increased LV afterload (LVESMWS) at −25 cmH 2 O. Thus, we conclude that in the healthy heart, with adequate contractile reserve, the global response to increased nITP of −20 cmH 2 O or greater is a reduction in LV filling likely mediated by DVI, though increased afterload likely also contributed to LVSV attenuation.
